To describe the technological background, the accuracy, and clinical feasibility for single session lung radiosurgery using a real-time robotic system with respiratory tracking. The latest version of image-guided real-time respiratory tracking software (Synchrony®, Accuray Incorporated, Sunnyvale, CA) was applied and is described. Accuracy measurements were performed using a newly designed moving phantom model. We treated 15 patients with 19 lung tumors with robotic radiosurgery (CyberKnife®, Accuray) using the same treatment parameters for all patients. Ten patients had primary tumors and five had metastatic tumors.
Introduction
The preferred treatment for patients with non-small cell lung cancer (NSCLC) or single lung metastases from other cancers remains surgery. However, comorbidities, low performance status, poor lung function or previous surgery often prohibit additional surgical approaches, so alternative treatment options have to be selected. In most of these inoperable patients conventional radiation therapy, which can result in local control rates of 40-70%, or palliative chemotherapy is chosen (1) (2) (3) (4) . Conventional, conformal radiation therapy in the lung is made technically difficult by the substantial and variable target motion in this organ. Often the total dose needed to destroy the cancerous tissue cannot be fully applied while protecting the surrounding healthy tissue. This problem has been addressed in a number of ways, including immobilizing the patient using body frames and abdominal Technology in Cancer Research & Treatment, Volume 6, Number 4, August 2007 compression devices (5, 6) . Recently, gating techniques have been developed that allow the treatment beam to be turned on when breathing brings the tumor to within a predefined range and turned off when it leaves this target range. Although each of these techniques has permitted substantial dose escalation, they also require considerable setup margins to assure that the tumor receives sufficient radiation. A consequence is that a significant amount of healthy tissue is irradiated. Accordingly, most published series on stereotactic lung radiotherapy report hypofractionated treatment regimes (5-7).
We believe that the aim of lung radiosurgery should be the same as the aim of brain radiosurgery, that is, to maximize radiation to the tumor and minimize radiation exposure to surrounding normal tissue and adjacent critical structures. The newly developed respiratory tracking system that is a feature of the CyberKnife® System (Synchrony® Respiratory Tracking, Accuray Incorporated, Sunnyvale, CA) should allow achievement of this goal. The integrated imaging system coupled to the robotically controlled linear accelerator is designed to precisely and dynamically track moving targets such as pulmonary tumors. It is the purpose of the current paper to describe this new technology, present data on its accuracy in end-to-end phantom tests, and describe its clinical application using a stringent and minimally invasive setup for selected patients with NSCLC or pulmonary metastases.
Material and Methods

Radiosurgery System
The CyberKnife robotic radiosurgery system consists of a 6-MV compact linear accelerator (LINAC) mounted on a computer-controlled six-axis robotic manipulator. Integral to the system are orthogonally positioned x-ray cameras that acquire images during treatment. The images are processed automatically to identify radiographic features, and are registered to the treatment planning study to measure the position of the treatment site in real time. The system adapts to changes in patient position during treatment by acquiring targeting images repeatedly and adjusting the direction of the treatment beam accordingly. The treatment beam can be directed from hundreds of angles anterior and lateral to the patient.
Respiratory Motion Compensation
In order to compensate for tumor motion in the lung, it is necessary to know the internal position of the target throughout treatment. At any given time, the stereo X-ray system can acquire images to establish the tumor position ( Fig. 1) . Conventionally, small gold fiducials implanted in the proximity of the target are identified in both images and used to compute the 3D target position. While this provides accurate information on the tumor location at the instant the X-rays are taken, this is not sufficient to obtain real-time motion information. In the present system, the position of the chest is measured continuously by an external camera array that tracks the position of infrared markers on the patient's chest, and the location of the tumor is detected periodically in the x-ray images. A series of internal and external position measurements taken at the same time is used to establish a correlation model (Fig.  2) . Throughout treatment, occasional measurements of both positions are used to check and update the model.
The correlation model allows the internal tumor position to be estimated based on the external marker position. Because the frequency of the external camera system is approximately 30 Hertz, this estimation can occur almost continuously while keeping the diagnostic X-ray dose low. Nevertheless, data processing and robot motion cause a time lag Δt. While this lag is small, it can be handled based on the cyclic nature of respiratory motion. At each time step t i , the position of the tumor at time t i + Δt is computed. The robot is then controlled such that the beam will always point to the tumor (8-10).
Phantom Accuracy Tests
Commissioning and quality assurance of the Synchrony system is accomplished by using a phantom that contains fiducial markers and an orthogonal set of films, all mounted on a motion table that simulates target and external motion. The phantom consists of a precisely machined solid water cube with an acrylic ball (diameter 31.75 mm), which simulates the treatment target, inserted in the center. The cube consists of four pieces that can be disassembled to insert and align perpendicularly two self-developing radiochromic films (Gafchromic MD-55; International Speciality Products, Wayne, NJ, USA); thus, dose distributions in two orthogonal planes can be assessed simultaneously. The cube contains five radioopaque gold markers necessary for the target tracking. In order to provide isotropic scatter conditions the cube is inserted in a spherical cover.
During tests the phantom was placed on the motion table, which simulates superior-inferior tumor motion throughout the breathing cycle, similar to that reported by Shirato et al. (11) . A single shaft with a dual cam drives the target platform and provides about 25 mm linear motion and a sin 3 waveform, and also drives the platform for the external optical markers. A phase difference between the external marker motion and the phantom motion can be introduced by adjusting the second cam, which permits phase angles ranging from 0º to ± 180º.
Based on an axial CT scan of the phantom (slice thickness 1.2 mm) an isocentric treatment plan using the 25 mm collimator was generated covering the acrylic ball with a dose of 21 Gy prescribed to the 70% isodose line. The phantom was placed and aligned with the motion table on the treatment couch. The speed control of the motion table was set to about 15 cycles per minute and the cam was adjusted to a phase shift of 0º. After generating a "respiration model" covering all portions of the motion cycle the phantom was irradiated according to the treatment plan. Using the same dose plan this test is repeated for phase shift angles of 10º, 20º, and 30º, respectively. A static test (no motion) serves as a reference. In addition, to illustrate the effects of motion compensation, one test was performed in which a static treatment was delivered to the moving phantom. An optical density-to-dose calibration was obtained by irradiating film from the same batch in a solid water phantom under reference conditions (focus-to-film distance 80 cm, depth equivalent to 1.5 cm of water, and 60 mm circular field) from 5 Gy to 30 Gy in 5 Gy steps.
The irradiated films were removed from the phantom and scanned with a calibrated optical scanner after 24 hours allowing the film to stabilize. Targeting accuracy was evaluated using an end-to-end test analysis software tool. Additionally dose profiles in the direction of the motion (superior-inferior) were compared to the DICOM dose output of the treatment planning system. The slope of the high-dose gradient region, between 20% and 80% of the maximum dose, was determined as a measure of dose distribution spread in relation to an increasing phase shift.
Targeting accuracy was evaluated by assessing the displacement of the symmetrical dose profile from the center position for all three orthogonal axis. This is assessed and calculated by the Accuray Endto-End test analysis software tool. The tracking error is defined as the length of the displacement vector This value includes all uncertainties throughout the complete treatment process including CT imaging, treatment planning, data processing and transfer, image guided dose delivery as well as marker recognition, and optical signal processing. The main factor of the tracking error is the resolution of the imaging systems involved (CT and Cyberknife digital imagers).
Patients
Fifteen patients were treated for 19 lung tumors with radiosurgery (Table I ). There were nine men and six women. The age range was 22 to 87 years (mean age: 66 years). Ten patients had primary lung tumors and five metastatic tumors. One patient underwent radiosurgery for four lesions and one for two lesions. All others were treated for a single tumor. We only selected patients with a maximal tumor diameter of 3.5 cm. No patient underwent prior conventional radiation therapy for the targeted lesion. Tumor volume ranged from 1.5 to 64 cc (mean: 22 cc).
All patients were evaluated by a thoracic surgeon, a radiation oncologist and an interventional radiologist for eligibility of treatment and fiducial placement. All patients received one percutaneousely implanted gold fiducial into the tumor using a pre-loaded 19-gauge needle under CT guidance and local anesthesia. No immobilization device was used during treatment. Patients underwent a contrast-enhanced CT scanning through the entire thoracic cavity using 1 mm thick slices. The treating surgeon and the radiation oncologist identified the location of the tumor and a radiosurgical treatment plan was developed using a nonisocentric, inverseplanning algorithm. The tumor was outlined in sequential axial CT images. The PTV was defined as the CTV, i.e., no margins were applied. In order to reduce setup error patients were first aligned to the nearest vertebra to the tumor using fiducial-free spinal registration software (Xsight™, Accuray Incorporated) (12). After this setup procedure the lung treatment plan was loaded for treatment delivery. Modeling to correlate tumor motion (fiducial marker) and respiratory motion (LED on chest wall) was performed. We aimed to achieve a correlation error of less than 1 mm to start treatment. Radiation was then delivered in a single fraction using 24 Gy prescribed to the 75% isodose in all patients. If breathing patterns changed during the course of treatment, exceeding the recommended correlation error, remodeling was performed. Patients were followed clinically and radiographically after radiosurgery in 2-month intervals.
Results
Respiratory Motion Compensation
All patients could be treated technically using the real-time respiratory tumor tracking technique. Our approach to im- plant only one fiducial and to minimize the setup error by aligning the patient with the non-invasive spinal protocol proved to be feasible, safe, and well tolerated by the patient.
Remodeling was necessary according to the breathing patterns of the patients. One-to-five remodeling procedures (mean 2) during the treatment cycle became necessary. The median treatment time was 1 hour 50 minutes (1.5-3 hours).
Phantom Accuracy Tests
The results from the end-to-end test analysis did not reveal a relation between total tracking accuracy and phase shift between fiducial and optical marker movement. Tracking accuracy varied between 0.6 mm and 0.2 mm, which is within the range of our regular quality assurance results for static tests. The superior-inferior error, which is most likely to be affected by the superior-inferior phantom motion, was not clearly relation to phase shift. The individual test results are listed in Table II . Motion range was 25 mm (maximum motion with current motion table). The test was intended to test extreme scenario, as there is no significant difference between no motion and maximum motion. The system allows tracking in a range of +/-25 mm in all directions. Excursions larger than this will trigger an interlock during imaging. During the treatment motions up to +/-45 mm (e.g., caused by a very deep breath) are tracked by the Synchrony system.
After scanning the films the superior-inferior pixel value profiles were extracted. These profiles were converted to dose profiles and normalized using the ratio of the maximum dose of the plan profile and the experimental static profiles. Figure 3 shows the smoothed film data in comparison with the planning system dose output. For all experimental data Figure 3 : Dose profiles in the superior-inferior plane resulting from the endto-end test targeting a sphere. In comparison to the calculated output of the Multiplan treatment planning system the dose profiles for the static situation (no phantom movement) and the results for the moving target are displayed. The 'no tracking' case (moving phantom) is for illustrative purposes only. there was a very good agreement with the calculated dose profile. Only assessing the maximum dose reached in the plateau area the values are near 100% of the static case for the 0º and 10º case, and are reduced to about 95% of the static case for the 20º and 30º phase shifts.
The slope between the 80% and 20% relative dose values served as a measure for the dose gradient. Compared with the calculated average dose gradient of 262 cGy/mm, (which equates to a radial distance of 6.85 mm between the 20% and 80% dose value), the experimental results show averaged values between 318 and 270 cGy/mm (radial distance between 6 and 6.7 mm). We also determined the width of the profiles at the 50% dose level. Compared to the static case (33.4 mm wide) only the profiles for 20º and 30º phase shifts are slightly wider (by 0.55 mm and 0.25 mm, respectively). The exact obtained values are given in Table III . As expected, the profile obtained for the case in which no target tracking was applied does not reflect the desired dose distribution at all. The dose is smeared out over the range of the target movement. Values from this experiment are listed for illustrative reasons only.
Clinical Outcome
Two patients required a chest tube insertion after fiducial implantation because of pneumothorax. One patient experienced nausea after treatment and one suffered from a radiological but not clinically relevant pneumonitis four months after treatment. No other adverse events were noted.
Discussion
It is well known that tumors in the lung move significantly. The movement can be cranio-caudal and anterior-posteri-or. It has also been demonstrated that the shape of lung lesions can change with respiration (13, 14) . This explains why simply applying margins around the tumor is not sufficient; the risk of missing the target and irradiating too much healthy lung tissue is high. The respiratory tracking capabilities of the current radiosurgery system overcome most of the obvious disadvantages of standard radiation therapy for lung tumors. The integration of image-guided robotics enables the patient to be treated without any fixation devices as the robot compensates for tumor movement. The system constantly tracks the lesion, detecting inaccuracies and correcting if indicated.
Phantom Tests
The phantom study is an idealistic case in which uniform breathing is simulated and no deformation of the target occurs. Nevertheless, it demonstrates the accurate functioning and calibration of all the components involved in treatment with the motion tracking and compensation option of the Cy-berKnife system: imaging hardware and software, the correlation model between external and internal targets, the prediction and tracking algorithm, and the mechanical tracking of the target by the robot. In this experimental setting, the tracking error was well below 1 mm and the overall shape of the dose profile was not affected by target motion and/or phase shift between fiducial and optical marker motion.
The dose profile was smeared out over the dose plateau region as the phase shift increased, thus reducing the maximum dose. The redistribution of dose, demonstrated dramatically in the case in which no motion compensation was applied, did not affect the slope and the width of the dose profile. Thus, the planned dose distribution was reproduced very well despite phase shifts. The follow up CT evaluation after two months showed a significant size reduction (right image).
Clinical Application
All selected patients could be treated with the described setup in a single outpatient session. All patients were evaluated for feasibility of treatment by a multi-specialty team composed of thoracic surgeons, a radiation oncologist, a radiation physicist, and an interventional radiologist. It was decided to apply a homogeneous dose of 24 Gy to all patients prescribed to the 75% isodose. This single-dose approach differs from several other published approaches to stereotactic, high-dose radiation treatment in the lung. Taking into account these findings and in order to overcome these highly heterogeneous dose prescription schemes we selected a stringent treatment algorithm in which 24 Gy was delivered single session to the 75% isodose level. We hypothesized that a technology providing high accuracy for moving targets should be capable of treating a lung tumor in a manner similar to the single-session treatment often employed for brain or spine tumors, without any margins surrounding the lesion. We aimed to reduce the dose to the healthy lung tissue as much as possible still giving enough dose to the pathological structures. This concept is feasible as long as the tumor is clearly visible on CT (Fig. 4 ). We suggest that this treatment regime be applied only to relatively small tumors (maximal diameter of 3.5 cm). The dose was well tolerated by all patients during short-term followup. Longer follow-up is needed for definitive clinical recommendations and risk estimations.
In order to reduce the invasiveness of the procedure to a minimum, we decided to only implant one fiducial into the lung tumor for image-guided tracking. Although one fiducial is generally regarded as not sufficient for 3-D tracking, we thought the risk of pneumothorax would be unacceptably high when implanting three fiducials or more into the lung. Furthermore, as we mainly treated small tumors, it would not have been feasible to implant three or four fiducial inside these tumors and fiducial markers placed in normal lung can easily migrate and are, therefore, unsuitable.
To minimize the setup error and particularly the rotational error we did an automated setup as during spine radiosurgery, aligning the patient primarily to the vertebrae nearest to the lesion. After this setup we switched to the respiratory tumor tracking algorithm for creating the correlation model between tumor motion and the respiratory motion. This procedure was well tolerated by all patients.
Future Developments
Current research indicates that lung tumor tracking for peripheral tumors may be possible based on X-ray imaging alone. This may be realized with 4D CT imaging techniques and more sophisticated image processing and image registration techniques that automatically lock onto the tumor directly (10). This tracking innovation should enable clinicians to treat patients without implanting any fiducials, potentially making lung radiosurgery a completely non-invasive procedure.
Conclusion
The latest development of image-guided respiratory real-time tumor tracking for robotic lung radiosurgery is a technically safe and stable procedure. The tracking error is well below 1 mm and the overall shape of the dose profile is not affected by target motion and/or phase shift between fiducial and optical marker motion. The single-session radiosurgical procedure we applied showed excellent tolerability and seems to be a feasible treatment method for selected patients with small tumors. A longer follow-up and prospective evaluations are needed for definitive clinical results.
